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Introduction: Malaria as a Disease of Landscape Change and Agroecology 
Malaria is a disease that had its origins in the coevolution of humans’ changing their physical 
environment, certain parasites that thrived in the human bloodstream, and an insect vector 
(the Anopheles mosquito species) that spread those parasites. Over tens of thousands of 
years, as early humans expanded into tropical Africa and across tropical Eurasia, malaria 
parasites continued to take advantage of human migration and the need to gather into stable 
social communities. Eventually the parasites moved with their human hosts into the nascent 
river-basin communities that would develop into sedentary agricultural settlements. Malaria 
has thus been a disease created and sustained by human transformations of the landscape and 
the ecology of agriculture.1  
Malaria was also mobile, traveling with infected hunters and traders; malaria traveled 
even more quickly after the domestication of animals. Over time, the parasites and vectors 
adapted to new habitats and sources of blood. The females of some mosquito species learned 
to take only human blood meals, while others fed equally on humans and livestock. It 
became the principle disease burden of Eurasia as well as tropical Africa, and then the 
Americas. It became a global disease whose distribution now illustrates both its history and 
perhaps its future. 
Even today, malaria remains such a common disease that only imprecise 
measurements of its impacts are possible. An estimated 2.4 billion people are at risk of 
infection. An estimated 300 to 500 million suffer bouts with the disease each year. Perhaps 
90 percent of these occur in tropical Africa. Malaria kills between 1.1 and 2.7 million people 
per year. Of these deaths, approximately one million are children in tropical Africa between 
the ages of 18 months and 5 years (Webb, 2009; Packard, 2007). Yet, even after more than a 
century of intense bioscience research on its causes and possible remedies, the disease 
remains mysterious and ever-elusive. Rather than the chimera of eradication via a vaccine, 
the distribution of bednets, or other silver bullet panacea perhaps the answer lies in a return 
to malaria’s ecological roots. 
                                                
1 Two recent volumes are helpful in reconstructing the history of malaria and efforts at eradication and 
control.  See James L. A. Webb Jr., Humanity’s Burden: A Global History of Malaria (New York: Cambridge 
Univ. Press, 2009), and Randall M. Packard, The Making of a Tropical Disease: A Short History of Malaria 
(Baltimore: The Johns Hopkins Univ. Press, 2007). 
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Goals of This Paper 
This paper is a part of the five-year Rockefeller Foundation-sponsored project of the Boston 
University African Studies Center and the Harvard School of Public Health entitled “The 
Effect of Maize Cultivation on the Transmission of Malaria in Ethiopia.” The project has 
undertaken a study that associates the distribution and intensity of malaria transmission with 
the expansion of maize as a dominant crop in the ecology of African agriculture (Asnakew, 
2005; McCann 2005).  
At its core, malaria is a disease of human-induced ecological disturbance, but it also 
includes factors of climate change. What marks malaria as a disease distinct from all others is 
its dynamism over time and its adaptability to new conditions in the physical and social 
environment brought on by human activity. Indeed, malaria is opportunistic, thriving on 
environmental change such as new local ecologies brought on by human settlement, 
economic change, and even political instability. Despite massive human efforts to control 
either the malaria parasite or its mosquito vector over the course of the twentieth century, 
human bureaucracies have repeatedly failed to eradicate the disease globally, and in Africa in 
particular. 
The ecological approach to understanding malaria transmission views the disease as 
one of complexity of disturbance, of ecological conjuncture, and of locality (Spielman et al., 
1993). It therefore accepts a merging of methods that examine the sequence and complexity 
of landscape change—including human action—as necessary for understanding malaria. The 
project has embraced a wide array of methods for understanding the local ecology of malaria. 
These include: entomology, epidemiology, history, economics, palynology, geospatial 
technology, microbiology, hydrology, and anthropology. In particular, this paper presents 
geospatial data handling and analysis as a fundamental tool for assessing landscape change 
visible through satellite data time series and imagery. 
Since the early 1970s earth observation satellites have been collecting information 
about the earth’s surface in a systematic and repetitive way. The first earth observation 
systems launched for civilian use were a series of Landsat satellites. These were followed by 
numerous other satellite missions that have contributed over time to the creation of large 
archives of historical earth observation data. This image archive represents a very valuable 
source of information on the past and present status of the earth’s surface and the changes 
that may have occurred. Furthermore, these images can be used for mapping and monitoring 
landscape elements at various spatial and temporal scales.  
The science of collecting information at a distance without touching the target is 
called remote sensing, and satellite remote sensing is often regarded as a data collection or 
mapping tool. However, the role of satellite remote sensing has been expanded in recent 
years with technological improvements that make it possible not only to “map” but also 
“measure” biophysical properties of the earth’s surface (land and ocean) such as surface 
temperature, moisture content, salinity, and biomass to name a few physical parameters.  
The handling of geospatial data collected through remote sensing requires a special 
set of tools and techniques that are collectively called geographic information systems (GIS). 
The science and scientific principles governing the manipulation and analysis of geospatial 
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information is known as geographic information science (GIScience)—a fast growing field 
that is being embraced by many disciplines in the physical and social sciences.  
Agroecology is one of many disciplines taking advantage of remote sensing (RS) and 
geographic information science as powerful tools for characterizing and monitoring the 
physical landscape and the changes occurring on it. These changes may be due to natural 
processes (seasonal or climatic changes), human activities, or a combination of both. 
Agriculture represents one of the most ancient and significant impacts of human activities on 
the environment. For the last four decades satellite imagery has enabled the observation of 
land use changes, and the assessment of the magnitude and type of changes that have 
occurred. For instance, information on the conversion of semi-natural landscapes into 
agricultural lands, the expansion of agriculture, and type of crops planted are some of the 
land surface features that can be observed and monitored on satellite image time series. 
Furthermore, information on terrain characteristics and conditions are increasingly being 
obtained from spaceborne sensors. Specially designed optical and radar sensors are capable 
of generating digital elevation models (DEMs) at fairly detailed resolution with worldwide 
coverage. One application of DEMs in hydrology is the delineation of watershed boundaries 
and drainage networks. Characterizing not only land use and land cover changes but also 
terrain properties can lead to more accurate assessments of land surface disturbances that 
may create potential mosquito larva habitats. This is one of the objectives of the present 
work, where satellite imagery at different spatial and temporal scales are used to assess 
recent land use/cover changes, surface disturbances, and their causes and potential for 
accumulating water that may serve as breeding areas for malaria parasite carrying 
mosquitoes. 
Maize, Malaria, and Local Ecology  
The key effect on malaria transmission is the role of maize pollen as a nutrient that 
exponentially increases larval survival and thus malaria transmission in high maize 
production zones. Preliminary laboratory and controlled field studies of the effects of maize 
pollen showed that mosquito larva fed with maize pollen grew larger, lived longer, and 
tolerated habitat crowding more than larva fed on other nutrients (including other types of 
pollen) (Yemane et al., 2003, 2005). Survival rates of the A. arabiensis mosquito larva in that 
laboratory study increased from 13% to 93%, a survival rate increase of larva into adult 
malaria vectors of over seven-fold (Yemane et al., 2003, 2005).  
The studies of effects of maize pollen and malaria transmission had their origins in a 
hypothesis of the late Harvard malariologist Andrew Spielman who had long advocated an 
approach to malaria that emphasized the dynamic, local nature of the disease and its inherent 
adaptive resistance to attempts at control and eradication (Spielman et al., 1993). Spielman’s 
intuition and years of field experience had led him to advance a hypothesis that larval 
nutrition and its subsequent effect on adult mosquito populations conformed to the long 
accepted MacDonald formula that posited that adult mosquito population was the key factor 
(in fact, an exponential factor) in the force of transmission. Asnakew and McCann’s 
subsequent epidemiological study of maize production and malaria transmission in the Burie 
district of Ethiopia showed that, at similar altitude levels and soil types, that maize farmers 
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suffered from malaria at a rate 9.5 times higher than farmers of other crops (Asnakew et al., 
2005).  
That study reinforced the maize-malaria association and encouraged a further study of 
the EIR (entomological inoculation rate) that sought to examine the effects in a second 
research site (Waktola, fifty-five kilometers northeast of the city of Jimma) on larva and 
mosquitoes captured in houses and at larval habitats near maize fields. That five-year 
Rockefeller-funded study has sought to use laboratory analysis of specimens, and PCR 
analysis in the laboratory to correlate proximity between maize fields and intensity of malaria 
transmission. 
In areas of unstable malaria, like the Ethiopian highlands, patterns of local intensity in 
malaria seem to be at least partially tied to maize cultivation. The expansion of hybrid, long 
season maize production has been a major feature of landscape change in the Ethiopian 
highlands, and in Eastern and southern Africa in general. Maize has long been a fairly minor 
crop in Ethiopia’s diverse highland cropping system. Maize arrived as early as the sixteenth 
century via several routes, including the Nile Valley, the Red Sea coast, and via Arab traders 
that connected Ethiopia to the Indian Ocean trade (e.g., the Somali word for maize is arabih, 
or sorghum of the Arabs, a reference to one of maize’s routes from eastern trade). Ethiopia 
received a wide variety of maize genetic materials in terms of color (reds, yellows, and 
purple/blue), texture (flinty or soft), age to maturity (mainly early types), and length of stalk. 
Most of Ethiopia’s maize types were flints that yielded early and thus provided the first foods 
of the harvest season. They were grown as a vegetable to be eaten at the green, milky stage 
rather than as a grindable grain that competed with Ethiopia’s highly successful wheat, 
barley, teff, and sorghum annual grains. For most of its history in Ethiopia, however, maize 
was a minor garden crop on the highlands, though somewhat more important alongside 
sorghum and ensete (Ensete ventricosum) in southern areas. 
Maize’s great step forward as a national smallholder crop in Ethiopia came in the 
1970s and 1980s when the socialist government introduced large-scale state farms that 
produced the crop on an industrial scale. New maize types included especially Kenyan 
Katumani (a drought-escaping composite type) that appealed to farmers who saw maize as an 
early household garden crop. In 1995 a truly major breakthrough took place when the 
Ethiopian Ministry of Agriculture and the Sasakawa Global 2000 Program launched BH660, 
a new long season variety of maize with huge yields (6–8 tons) and late pollination. Late 
pollen shed of BH660 meant that the key nutrient fell on mosquito habitat at about the time 
that hungry larva hatch and begin feeding on ambient food sources. The 
temperature/moisture needs of both maize plants and malaria vectors now overlapped. In 
some areas of the highlands like Burie and Waktola, farmer response to the new possibilities 
of hybrid maize yield and the government’s backing of its expanded use transformed the 
ecology of particular areas. Malaria transmission increased in many areas of Ethiopia (e.g., 
Burie and Waktola) slightly in 1995, and in 1998 the perfect storm of temperature rainfall 
and maize pollen shed contributed to Ethiopia’s most deadly malaria epidemic in forty years 
(Asnakew et al., 2005; Negash et al., 2005). 
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Malaria in Ethiopia’s Agricultural Landscapes 
In Ethiopia malaria has a personality, geographic character, and impact quite different from 
other parts of Africa and global malaria. Ethiopia’s malaria is unstable—the high seasonal 
fluctuations in temperature and moisture result in malaria appearing in epidemic form and 
with great variation across landscapes. The instability of Ethiopia’s malaria means that 
populations in most areas have never attained a significant level of protective immunity (as 
has been the case in endemic areas of West Africa) and thus a higher rate of death and 
morbidity among adults. The very earliest reports of this nature of unstable malaria in 
Ethiopia included reports from Italian authors from the 1936–41 period (Lega, Raffaelle, and 
Canalis, 1937; Corradetti, 1940) and again from an early British team in 1945 that 
commented on conditions as they affected British military operations (Melville et al., 1945).  
In each of those early to mid twentieth-century analyses medical field observations 
confirmed Ethiopians’ own folk epidemiology about malaria as an endemic disease of the 
moist lowlands and river valleys and its highly seasonal character that followed closely the 
annual life cycle of its mosquito vectors. The malaria landscape followed closely both 
elevation and the seasonal cycle of temperature and moisture (Melville et al., 1945), a factor 
that would in fact directly affect the role of maize in malaria transmission in the 1990s.  
Ethiopia’s malaria is also distinctive in the dominance of the parasite P. falciparum, a 
particularly deadly form, and particularly the prevalence of the mosquito vector A. 
arabiensis, a species of anopheline mosquito that has over time and changing ecologies 
adapted its behavior and habitat preference for the high seasonal variation of East Africa and 
sahelian zones where unstable malaria is the dominant form (Asnakew, 2002). The revelation 
that the Anopheles Gambiae, Africa’s most potent malaria vector, was actually five different 
mating types (showing hybrid sterility) was first made in 1964 by G. Davidson at the London 
School of Tropical Medicine and Hygiene and only percolated slowly to field workers in 
areas like Ethiopia. The first reference to A. Gambiae B (the original name for A. Arabiensis) 
in Ethiopia came in a WHO document dating from July 1969.2 
Davidson, in fact, noted from the beginning that each of the Anopheles species 
showed hybrid male sterility and could coexist without losing their individual characteristics. 
Davidson especially recognized that the behavioral differences of each type meant “it may be 
necessary for the field worker to identify the exact species with which he is dealing before 
the most efficient means of controlling it can be found.” (Davidson, 1964). In other words, 
factors like preference for certain breeding habitats, time of biting, preference for human 
versus livestock blood, indoor versus outdoor biting, etc. could all differ among the 
genotypes. Moreover, the fact that mosquito behavior can, in fact, adapt in a matter of 
                                                
2 The first staff report that noted prevalence of A. gambiae B in Ethiopia is contained in Assignment 
Report, Malaria Eradication Program in Ethiopia, July 1968–July 1969, M2/274/3 (b), World Health 
Organization.  
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months to new conditions (such as bednets and spraying) has appeared recently in studies in 
at least two places in Ethiopia (Yihenew, 2009 for Ziway; Mekonnen, 2008 for Maqalle).3 
The presence of the A. arabiensis (or A. gambiae B sub-species) as the primary vector 
in semi-arid and seasonally variable areas of Africa is significant for the application of 
geospatial technologies to malaria transmission and mosquito habitat distribution. A. 
arabiensis has adapted well to conditions of seasonal dryness, where small scale and sunlight 
exposed habitats form and dry quickly in the transition from dry to wet conditions. Under 
those circumstances the disturbance of multiple hoofprints, small borrow-pit puddles, and 
field side puddles create food-limited conditions (rather than predator-limited) that appear 
and disappear in a short period of time, but appear on geospatial images organized in time 
series format (Dr. Arne Bomblies, personal communication). 
As early as 2000 the Bulletin of the World Health Organization published an article 
that argued, convincingly, that spatial clustering of malaria allowed the targeting of specific 
areas. Two factors were at work: first, the disease is focused around mosquito breeding sites. 
In Africa transmission typically takes place within a few hundred meters and a kilometer of a 
breeding site, and rarely exceeds a kilometer. Second, there is marked clustering of humans 
carrying malaria parasites, making transmission more likely. That study also noted that in 
areas of low endemicity there were likely to be wide variations in contacts between humans 
and vectors and that spatial modeling would increase the effectiveness of interventions. 
A study of an A. arabiensis zone in western Kenya (Mutuku et al., 2009) has 
indicated that larval habitats are associated with particular land cover types of agricultural 
origin. Moreover, what is called a “supervised classification of land cover types by geospatial 
methods” can identify more efficiently the association between human land use, local 
landscapes, and mosquito habitats than can field survey. That is to say, geospatial techniques 
applied to identifying land use can show where habitats are likely to occur, even if geospatial 
techniques were, at that point in technology, not able to show specific habitats. Spatial 
targeting of interventions such as spraying or bed net use, or just recognizing the importance 
of distance between habitat and human dwellings can make control actions more efficient 
and effective (Carter et al., 2000). Recent major improvements in geospatial data resolution 
and data analysis have made those possibilities even more achievable.  
High resolution satellite images such as QuickBird or WorldView2 provide images at 
resolutions equivalent to aerial photographs, so that small scale features such as individual 
houses, trees, field boundaries and roads or tracts are clearly visible if atmospheric conditions 
are favorable. These features can be extracted (e.g., digitized) from the images and used for 
geospatial analysis. Proximity analysis is one of the GIS functions commonly used for 
answering questions such as where villages and houses are located in relation to specific crop 
                                                
3 WHO Archives, A.H. Taba to K. Larson, WHO malariologist, Addis Ababa. 30 January 1974. Taba 
reported on the need to assess in the Rift Valley whether changes in the biting and resting habits of vectors 
might have taken place. Two years later in January 1976 he noted to Larson that “persistent difficulties” 
included the lack of information about whether species A was totally absent from the B areas of distribution. 
See Taba to Larson, 28 January1976, M2/8730, WHO Archives. 
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types and water bodies, or level of house spacing in relation to road types and network, and 
their proximity to potential aquatic larval habitat sites. However, prior to carrying out such a 
geospatial analysis, land use/cover maps depicting various types of land surface features and 
their extent (e.g., agricultural fields, villages, roads, and surface disturbances) need to be 
generated. A very efficient and effective way of obtaining such land surface information is 
by using high resolution images as a mapping tool to extract the required information. 
Furthermore, temporal series of satellite images can be used to identify and monitor changes 
in land use and land cover. This is a common processing method in remote sensing and is 
called change detection analysis (Mather and Koch, 2011). The resulting maps, i.e. feature 
extraction, classification, and change detection maps, need to be checked in the field to verify 
the true identity of the derived classes so that they can be used to identify potential malaria 
habitats.  
Waktola was, in fact, a logical field site for the study of hybrid maize expansion and 
the ecology of malaria habitat change over time. Waktola and its nearby market center at 
Asandabo combined two elements of the maize-malaria interaction. First, it is located astride 
a major road linking the southwest zone of Jimma to Addis Ababa, thus providing an ideal 
site for hybrid maize production—and thus agricultural disturbance that stimulated both local 
A. arabiensis habitat expansion via house construction borrow pits, cattle paths, and 
expansion of maize production (see geospatial time series mapping below). Waktola is 
adjacent to the Gilgel Gibe dam reservoir, a hydroelectric scheme that had resettled 
population onto new agricultural lands that increased land under maize cultivation as well as 
periurban settlement. Figure 1 shows a 3D view of the Gilgel Gibe valley: a) before the dam 
construction, b) after the dam was finished and the reservoir was formed. 
Second, Waktola’s topography and hydrology included a kind of wetland landscape 
typical of Ethiopia’s southwest known as chafe.4 These valley bottom freshwater marshlands 
were first cultivated for maize in the region almost 80 years ago to raise food production in 
areas that had expanded coffee plantings on other agricultural lands (Solomon Mulugeta, 
2004). Waktola was not a coffee-growing area, but its chafe lands and the fields upland from 
them proved an ideal niche for the new long-season maize type (BH660) introduced in the 
mid-1990s. These wetlands provide several valuable contributions to local livelihoods and 
subsistence activities including sites for thatch collection (of Cyperus latifolius grasses), 
drinking water, dry season livestock grazing, clay soils for construction plaster, and sites for 
double cropping of maize and waterlogging-tolerant food crops (teff, taro, and intercropped 
beans). A byproduct of local protection of wetlands has been the sustaining of habitat for A. 
arabiensis larva during the key weeks at the ends of rainy season when temperatures rise, 
flooding subsides, and water accumulates along cattle/foot paths and in temporary borrow 
pits near houses. In recent years population pressure has pushed maize cultivation downslope 
and onto plots at the edge of the chafe. These changes are traceable on time series geospatial 
                                                
4 Chafe (or cheffe) derives form the local name for Cyperus latifolius, a tall broad sedge abundant in the 
wetlands of Ethiopia’s southwest. Chafe landscapes under population pressure in the past two decades 
correspond strongly with areas of expanded hybrid maize cultivation and mosquito habitat—not lakeside or 
rivers, but small temporary, turbid pools favored by A. arabiensis. 
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mapping of high resolution images as well as in the testimony of farmers, and ground-level 
observations by the project itself. Moreover, project farmers who have dug new household 
wells have reported that the new wells have required deeper shafts than in the past. Thus it 
may well be that the maize expansion pushed by favorable prices and higher yields has 
change the hydrology of the chafe and affected habitat locations. These changes may also be 
evident in time series of satellite images.  
This paper describes the potential for geospatial mapping and ground level 
observations, and for the integration of evidence of local ecological change, including the 
massive ecological disturbance from the recent rapid expansion of late-maturing hybrid 
maize in particular areas of Ethiopia. 
GIS Analysis of Satellite Time Series and Elevation Data 
A time series of moderate spatial-resolution Landsat satellite images (TM/ETM+) spanning 
two decades (1984–2003) and recent high resolution QuickBird images (2006–2009) have 
been used to identify and analyze land surface changes in the Gilgel Gibe watershed, which 
includes the Waktola region. This region underwent significant changes over the last three 
decades; the most significant one being the 2002 construction of the Gilgel Gibe dam east of 
Asendabo (Figure 1).  
In order to determine the nature and magnitude of change that occurred in the Gilgel 
Gibe watershed, two Landsat scenes (TM image of 22 November 1984 and ETM+ image of 
20 February 2003) were used to obtain thematic maps of land cover types. An image 
processing technique called unsupervised classification, which consists of grouping pixels 
with similar spectral responses into clusters (using the k-means method), was performed on 
each Landsat scene (Mather and Koch, 2011). This was done in order to determine the 
number of dominant land use/cover types that are spectrally distinctive and detectable by the 
TM/ETM+ sensors (Figure 2). Six main land use/cover classes were identified by the 
classifier using 10 initial classes and five iterations. The main classes are water bodies 
(reservoirs and streams), forest (closed deciduous woodland), open deciduous shrub and 
grassland (including winter crops), and three categories of soils (plowed fields/red soils, 
sloping land/dry soils, and flood plains/wet soils). The soils were classified according to 
color and moisture content into red soils (dry upland soils, mainly found on hills and 
representing plowed fields), and two types of gray soils (dry and wet lowland soils, mainly 
found in stream cuts, depressions, and floodplains/wetlands). Although the images were 
collected under clear sky conditions, some clouds and shadows especially along the mountain 
ridges were unavoidable. These features are obviously of no interest in the final land 
cover/use map and needed to be excluded in the change detection analysis that followed. The 
classifier was able to isolate the cloud pixels based on their distinctive spectral signature, and 
thus, they were masked out in the final map (shown in white in Figure 2). However, the 
shadows caused some class confusion and it was not possible to separate this class from the 
water class. Therefore, this class (shown in blue in Figure 2) contains pixels that represent 
cloud shadows, topographic shadows, and water. Heterogeneous or mixed pixel classes such 
as the water/shadow class are often unavoidable in image processing due to insufficient 
discrimination power of the sensor. Therefore, problems such as these must be taken into 
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consideration when conducting a change detection analysis using a satellite time series. The 
soils on the other hand showed good spectral separability and were grouped by the classifier 
into three distinctive classes. The spatial distribution of the three soil classes appears to be 
clearly associated with specific landforms. Red soils occur mostly on hills and are the most 
fertile and well drained soils, whereas gray soils occur predominantly in valleys (chafe), 
floodplains, and wetlands. The classified maps in Figure 2 (a & b) show sharp truncated 
edges at the upper reaches of the Gilgel Gibe watershed. These areas are not included in the 
Landsat scenes that were used in this work, and thus, were left blank. Two adjacent scenes 
would have been required to provide complete coverage of the basin. However, for the 
purpose of this study, which focuses on the Waktola area (white box in Figure 2 a & b), the 
derived land cover/use maps were considered to be sufficient. Figure 3 shows enlargements 
of the respective maps in 1984 and 2003 for the Waktola area. 
The main reason for generating classification maps from images of two different time 
periods was to determine how past and present human activities (agriculture, water 
reservoirs, and urban areas) have been modifying the landscape and its ecosystems. These 
thematic maps were further used as inputs in a change detection analysis to determine how 
individual land cover/use classes may have changed over time and at what rate or magnitude. 
For this, a statistical change detection analysis was performed that consists of 
comparing both land cover/use maps and computing class-for-class map differences (ENVI, 
2010). This is achieved by comparing, pixel-by-pixel, their class membership in 1984 (initial 
state) and in 2003 (final state). This comparison identifies which pixels have not changed and 
which ones have changed, and if so into which class have they changed. The results are 
shown in Table 1 and give a first estimate of general land cover/use changes that occurred 
between 1984 and 2003 in the Gilgel Gibe watershed. Furthermore, Table 1 indicates how 
individual class pixels in 1984 (columns) were classified in 2003 (rows). It also reports the 
percentage of change (class changes) and map differences. For example, 35.18% of the forest 
pixels in 1984 remained unchanged in 2003, the rest were classified as shrub/grassland 
(32.27%) and farmland (red soils) (24.18%). This means that a total of 64.82% of the forest 
pixels (100 - 35.18 = 64.82) were converted into a different land cover/use class, mainly into 
shrub or grassland and farmland (plowed fields). This is a clear indication that some sort of 
deforestation activities must have occurred between 1984 and 2003, as much of the 
woodlands have been converted into cultivated land. The total class change value (second 
last row in Table 1) gives an estimate of the magnitude of change (e.g., the forest class shows 
a total change of 64.82%). The image difference value (last row) reflects the difference in the 
total percentage of equivalently classed pixels in the two images, in this case the forest class 
of 1984 versus the forest class in 2003. This value (-3.93) is negative, indicating that the 
forest class size decreased during that time period. However, the table also reveals that 
36.22% of the water/shadow pixels in 1984 were classified as forest pixels in 2003. Since 
water pixels are mainly found in the river and reservoir (which was absent in 1984), it can be 
assumed that some if not most of these pixels do actually represent forest pixels because 
shadows (cloud or topographic shadows) are mostly found in the mountain ranges. This is 
one type of problem that may arise with mixed pixel classes, and one must be aware of such 
issues when establishing cross tabulations between equivalent classes of different times.  







Figure 1. Location of the study area in Jimma, Ethiopia. Landsat TM/ETM+ images 
show significant land use changes that occurred between 1984 and 2003 along the 
Gilgel Gibe River. The yellow box outlines the study site in Waktola near the town of 
Asendabo.. 
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Figure 2. Land cover/use maps of 1984 and 2003 derived from Landsat 
TM/ETM+ images. The white box outlines the study area shown in more detail in 
Figure 3. 
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Figure 3. Land cover/use classification map of the Waktola area. Important 
changes occurred between 1984 (a) and 2003 (b) mainly in the distribution of 
soils and water. See legend in Figure 2 for complete class color key 
(farmland/red soils = red, lowland/dry gray soils = brown, wetland/wet gray 
soils = light blue). 




Figure 4. Gilgel Gibe watershed hydrography with the new reservoir (yellow) draped over a hill-shaded relief map. Waktola study 
site is outlined by a rectangular box (magenta). 
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Figure 5. Feature extraction and analysis within a GIS framework. 
Satellite Imagery, Landscape History, and Disease     15 
 
 
Figure 6. High resolution Quickbird images from 2006 and 2009 showing main land cover changes. 
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Figure 7. QuickBird images of 2006 and 2009 showing examples of changes in land surface 
and infrastructure. They include excavations of barrow pits (a & b), soil surface disruption (c 
& d), and new building constructions with metal roofs (e & f) 
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Nevertheless, statistical change detection analysis is a powerful tool as it can highlight 
certain trends in landscape transformations that may otherwise go unnoticeable. These spatial 
patterns or trends may reveal cause and effect relationships in ecosystem transformations. 
 
Initial State: Landsat TM 1984 – Gibe Basin 
Land Cover Class* Water/Shadow 
Trees/Dense 
Vegetation Grass/Shrubs Farmland Lowland Wetland 
Water/Shadow/Veg. 16.28 4.77 2.89 1.18 1.57 2.59 
Trees/Dense Veg. 36.22 35.18 13.64 4.14 1.93 0.44 
Grass/Shrubs/Crops 22.18 32.27 31.75 18.76 8.40 1.80 
Farmland (red soil) 20.85 24.18 43.54 63.08 55.82 23.35 
Lowland (gray soil 1) 4.04 3.14 7.01 11.27 24.67 33.40 
Wetland (gray soil 2) 0.43 0.47 1.17 1.57 7.61 38.42 
Class Total 100.00 100.00 100.00 100.00 100.00 100.00 
















Image Difference -51.74 -3.93 -11.69 64.96 -34.36 -38.89 
*Class values are in percentage 
Table 1. Statistical tabulation of land cover changes between 1984 and 2003 as depicted by the 
corresponding Landsat classification results. Columns represent the initial state and rows represent 
the final state of individual classes. The Class Change row indicates the total percentage of initial 
state pixels that changed classes, and the Image Difference row is the difference in the total 
percentage of equivalently classed pixels in the two images. An Image Difference that is positive 
indicates that the class size increased and vice versa. 
 
In this context, one objective of this research is to assess land cover/use changes in 
the Waktola area in relation to potential malaria habitats. Therefore, a second change 
detection analysis was conducted, this time limiting the area to the study site shown in Figure 
3. Table 2 summarizes the results and shows (under Image Difference) that four out of six 
land cover/ use classes decreased in size over time. However, the farmland (mainly red soils) 
class (62.43%) and especially the water/shadow class (332.62%) increased significantly due 
to the construction of the dam. In addition, there seems to be a clear reduction in vegetated 
areas not only due to the introduction of the reservoir but also due to the expansion of 
cultivated land into the valleys (chafes). Much of the forest/dense vegetation and 
shrub/grassland classes in 1984 were classified as red soils (plowed fields) in 2003. A visual 
comparison of the classification maps in Figure 3 confirms these trends. In 1984 much of the 
lowlands along streams (shown in blue and yellow) are classified as gray soil 2 (shown in 
light blue), which represents waterlogged soils typical of wetland areas. In 2003 the area 
classified as gray soil 2 clearly shrank in size especially along the smaller tributaries, and the 
red soil and gray soil 1 classes (shown in red and brown) increased. Possible consequences of 
the redistribution of bare soils and vegetation and their status (moisture content, reworked 
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soils etc.) are the creation of new malaria habitats, as farmers cultivate lands that are closer to 
or within wetland areas and thus prone to periodic flooding. 
 
Initial State: Landsat TM 1984 – Waktola Region 
Land Cover Class*  Water/Shadow 
Trees/Dense 
Vegetation  Grass/Shrubs  Farmland  Lowland  Wetland 
Water/Shadow/Veg.  37.67  10.68  9.40  2.60  3.03  6.07 
Trees/Dense Veg.  20.53  15.97  8.70  2.14  0.64  0.32 
Grass/Shrubs/Crops  21.06  22.90  17.97  8.22  2.60  0.71 
Farmland (red soil)  18.24  41.93  51.31  65.40  48.31  16.05 
Lowland (gray soil 1)  1.87  7.17  10.31  18.16  32.16  32.25 
Wetland (gray soil 2)  0.64  1.34  2.31  3.49  13.27  44.60 
Class Total  100.00  100.00  100.00  100.00  100.00  100.00 
















Image Difference  332.36  -4.56  -18.26  62.43  -19.86  -38.28 
*Class values are in percentage 
Table 2. Statistical tabulation of land cover changes in the Waktola region. See caption in Table 1 for 
explanation. 
 
In addition to the classification and change detection that was performed in the Gilgel 
Gibe watershed and Waktola region, a terrain analysis was conducted using a digital 
elevation model (DEM) that was obtained from the Terra satellite sensor ASTER (ASTER 
global DEM is freely available at http://asterweb.jpl.nasa.gov/gdem.asp). A set of ArcHydro 
tools were used to outline the watershed and sub-basins in the study region, delineate the 
drainage network, and calculate flow-accumulation and travel time of surface water 
anywhere within the catchment (flow concentration time). The objective was to obtain a 
general understanding of the hydrology in the region and to locate areas (terrain depressions) 
that are prone to flooding and surface water accumulation. The “water accumulation” map 
was overlaid on various GIS layers showing infrastructure (roads, dams, buildings) and land 
use (forest, agriculture, wetlands) to understand the impact of human activities on the 
“natural” ecosystem. The Waktola study site is located within a hilly topography in the lower 
portion of the Gilgel Gibe watershed (Figure 4). A tributary of the Gilgel Gibe River 
traverses the site and supplies the lowlands with water forming a seasonal wetland. The new 
reservoir (shown in yellow in Figure 4) presently contributes to maintaining a steady water 
flow to the wetland and this is possibly having a positive affect on the expansion of 
surrounding agricultural land. Farmers are encouraged to plant crops in the lowlands in order 
to increase their annual crop yields. However, this means that the natural wetland ecosystem 
is being disturbed by farming activities and this may create new mosquito larvae habitats. 
In order to study the impact of human activities on the ecosystem in the Waktola 
study area, land use maps at a finer scale (1:10,000) were generated from a time series of 
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high resolution images, i.e. DigitalGlobe QuickBird, covering the time period between 2006 
and 2009 for which detailed field observations on farm cropping strategies and malaria 
breeding sites exist. A different mapping approach was used here, in that the high resolution 
QuickBird images were used as backdrops in a GIS from which features such as roads, 
streams, houses, fields, and wetlands, were extracted by visual interpretation and onscreen 
digitizing. Visual identification of extracted features was aided by photographs and field 
observation stored in the GIS database. This type of visual field validation was possible 
because all information layers in a GIS are georeferenced, meaning that individual features or 
objects (e.g. ground photographs) contain geographic coordinates that allows pinpointing 
their exact location on a map. Furthermore, a detailed description of these features can be 
stored as attribute tables in a GIS and retrieved when needed (Figure 5). 
The land cover/use maps that were derived from QuickBird 2006 and 2009 images 
depict how human activities have modified the landscape in a relatively short time period 
(Figure 6). The most obvious changes are the expansion of the Asendabo town limits, the 
paving or enlargement of existing roads, and the construction of new roads. Other important 
changes include construction of new houses, especially near the wetlands, and conversion of 
older, traditional roof structures into new metal roofs. Seasonal changes are also visible on 
the QuickBird images because they were acquired during different times of the year, i.e. one 
in early February 2006 (dry season) and the other in late June 2009 (wet season). The Gilgel 
Gibe River clearly carries more water in June 2009 than in February 2006, as the former 
corresponds to the beginning of the rainy season. On the other hand the wetlands are partially 
flooded with an open water lamina in February 2006, probably as a result of water regulation 
measures at the Gilgel Gibe dam. The soils show greater color contrast in the 2009 image 
than in 2006, again due to differences in soil moisture content. Upland soils stand out in the 
image of 2009 with very intensive reddish colors and can be clearly distinguished from their 
grayish colored counterparts in the lowlands (chafe). These soil characteristics are quite 
visible on high resolutions images, and were used in the final interpretation of the soil classes 
obtained through the unsupervised classification of Landsat images. Comparing surface 
features as depicted on low resolution images with those on high resolution images is a 
common validation procedure in image classifications and is also called ground truthing. 
Moreover, QuickBird’s high resolution characteristics enables detailed visual 
examination of sites where human activities have disturbed the land surface, and thus created 
conditions for the development of potential mosquito breeding habitats. Figure 7 gives 
examples of such sites, including the excavation of borrow pits near agricultural fields, 
disruption of soil surfaces due to road construction, and construction of new houses with 
metal roof structures. These are some examples of land use changes that occurred in a 
relative short time period and were triggered by economic development and infrastructure 
improvements. 
 
Satellite images, when coupled with field surveys, offer a very powerful tool to assess 
landscape status and transformation across a variety of scales, which in turn enables effective 
and rapid mapping and monitoring of potential mosquito habitats and their changes over 
time. The Landsat satellite image series, with its moderate spatial resolution but broader 
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coverage, provides the regional landscape context and hydrology of the ecosystems where 
malaria breeding sites may occur. The higher resolution images of QuickBird allow detailed 
mapping and monitoring of land surface disruptions that may harbor larvae breeding sites at a 
much finer scale, making it possible to target specific sites for malaria prevention measures 
(e.g., filling of borrow pits, modifying crop planting). However, no image processing 
analysis is complete without some sort of field validation. Ground photographs and field 
observations are a start, and can be supplemented with more elaborated survey methods such 
as water/soil/vegetation sample collections, farmer interviews, and collection of mosquito 
larvae for further analysis. 
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